Enamelin is critical for proper dental enamel formation, and defects in the human enamelin gene cause autosomal dominant amelogenesis imperfecta. We used gene targeting to generate a knock-in mouse carrying a null allele of enamelin (Enam) that has a lacZ reporter gene replacing the Enam translation initiation site and gene sequences through exon 7 
. Correct targeting of the transgene was confirmed by Southern blotting and PCR analyses. No enamelin protein could be detected by Western blotting in the Enam-null mice. Histochemical 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) staining demonstrated ameloblast-specific expression of enamelin. The enamel of the Enam
؉/؊ mice was nearly normal in the maxillary incisors, but the mandibular incisors were discolored and tended to wear rapidly where they contacted the maxillary incisors. The Enam ؊/؊ mice showed no true enamel. Radiography, microcomputed tomography, and light and scanning electron microscopy were used to document changes in the enamel of Enam ؊/؊ mice but did not discern any perturbations of bone, dentin, or any other tissue besides the enamel layer. Although a thick layer of enamel proteins covered normal-appearing dentin of unerupted teeth, von Kossa staining revealed almost a complete absence of mineral formation in this protein layer. However, a thin, highly irregular, mineralized crust covered the dentin on erupted teeth, apparently arising from the formation and fusion of small mineralization foci (calcospherites) in the deeper part of the accumulated enamel protein layer. These results demonstrate ameloblast-specific expression of enamelin and reveal that enamelin is essential for proper enamel matrix organization and mineralization.
Enamel crystals have a unique shape and organization. They are many times longer than they are wide and are organized into rods (prisms), each comprising about 10,000 individual crystallites (1, 2) . Each rod is the product of a single ameloblast in which crystals are formed under the control of specialized enamel proteins secreted by ameloblasts (3) . These proteins assemble immediately subjacent to the secretory pole of the ameloblast cell membrane such that mineralization occurs immediately at this cell-matrix interface (4) . Because enamel crystals grow longer at this mineralization front, the ameloblasts are displaced away from the growing tooth as the enamel layer as a whole thickens. Once the enamel crystals are fully elongated and the enamel layer has reached its final thickness, the secretion of enamel proteins is terminated or greatly reduced, accumulated extracellular proteins are degraded and reabsorbed, and the crystals grow in width and thickness until adjacent crystals come into contact. Thus, the secretion of enamel proteins is associated with the early part of crystal formation, when the crystals are growing primarily in length and the growing crystal tips are in close proximity to the secretory surface of the ameloblast.
There are three major secretory stage enamel proteins: amelogenin (5, 6) , ameloblastin (7) , and enamelin (8, 9) . All belong to the secretory calcium-binding phosphoprotein (SCPP) gene family (10) , and all are critical for proper dental enamel formation. Amelogenin is the most abundant secreted enamel protein and is expressed from the X or the X and Y chromosomes depending upon the organism (11, 12) . AMELX (Xp22.3) mutations cause X-linked amelogenesis imperfecta in humans, an inherited disorder that affects only the enamel layer of the dentition (13, 14) . Amelx-null mice also exhibit an amelogenesis imperfecta phenotype (15) . Although amelogenin expression has been detected in many tissues, including the brain (16, 17) , no defects in non-dental tissues have been noted in families with X-linked amelogenesis imperfecta. No cases of amelogenesis imperfecta caused by human ameloblastin (AMBN, 4q13.3) mutations have been reported, but Ambn-null mice lack enamel (18) . Human enamelin (ENAM, 4q13.2) gene mutations cause autosomal dominant amelogenesis imperfecta * This study was supported by NIDCR/National Institutes of Health Grant Project DE 11301. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. □ S The on-line version of this article (available at http://www.jbc.org) contains a supplemental 19 -21) . ENAM mutations show a dose effect, so that a single mutant allele causes a mild form of amelogenesis imperfecta, whereas having defects in both alleles eliminates the enamel layer (22, 23) . Mutations in the mouse enamelin gene have been induced with the mutagen N-ethyl-N-nitrosourea, and four separate Enam point mutations have been identified: p.S55I, pE57G, the splice donor site in exon 4, and pQ176X (24, 25) . The resulting enamel phenotypes include a rough and pitted enamel surface in heterozygous mice and enamel agenesis in the null condition. In addition to the three secretory calcium-binding phosphoproteins, two proteases are secreted into the developing enamel layer: matrix metalloproteinase 20 (MMP-20) 2 and kallikrein 4 (KLK4) (26, 27) . MMP-20 is secreted in the early (secretory) stage along with amelogenin, ameloblastin, and enamelin, whereas KLK4 is expressed in the later (maturation) stage (28, 29) . Defects in the genes encoding these enzymes cause autosomal recessive amelogenesis imperfecta in humans (30 -32). Mmp20-null mice have a thin enamel that is softer than normal and tends to chip off the crown surface (33, 34) . MMP-20 expression appears to be restricted to developing teeth (35) , whereas KLK4 (19q13.4) is expressed in many tissues, but most notably it is expressed in developing teeth and in prostate gland (36 -38) . It is clear that amelogenin, ameloblastin, enamelin, MMP-20, and KLK4 are all necessary for proper dental enamel formation, but they are not sufficient. Defects in AMELX, ENAM, MMP20 (11q22.3), and KLK4 account for only about one-fourth of all cases of amelogenesis imperfecta (39) . Despite the large number of amelogenesis imperfecta cases of unknown etiology, the proteins resident in the enamel layer of developing teeth have been thoroughly analyzed, and it is likely that most, if not all, of the major extracellular components have been identified (40) .
The secretion of proteases along with the enamel proteins means that intact enamelin and ameloblastin cannot be isolated from developing teeth. These enamel proteins have multiple glycosylation sites and other post-translational modifications, even hydroxyproline (41, 42) , and efforts to generate recombinant forms with the appropriate modifications have failed to produce them in any significant quantity (43) . Therefore, it is currently impossible to reconstitute the secretory stage extracellular matrix and recapitulate the formation of enamel crystals in vitro. To gain insights into the molecular mechanisms regulating dental enamel formation and to decisively characterize the normal temporal and spatial patterns of Enam expression, we have used gene targeting to knock out normal Enam expression, while replacing the 5Ј Enam code with that of a ␤-galactosidase (␤-gal) reporter in mice. We have demonstrated here that Enam is expressed solely and specifically by ameloblasts and that Enam-null mice do not make enamel because of a complete failure to mineralize at the appropriate place, resulting in the lack of a mineralization front at the secretory surface of the ameloblast.
EXPERIMENTAL PROCEDURES
Animal Protocol-All procedures involving animals were reviewed and approved by the University Committee on Use and Care of Animals at the University of Michigan.
Knock-in Targeting Construct-Construction of the targeting vector started with pLOz (Ozgene Pty. Ltd., Murdoch, Western Australia), a modified pBlueScript SK vector containing a lacZ (␤-galacatosidase) reporter with a mouse nuclear localization signal (NLS) upstream of a phosphoglycerine kinase (PGK) promoter driving a neomycin (Neo) selection marker, all inserted into the unique XbaI site in the multiple cloning region of the vector. The PGK-Neo code was flanked by loxP sites so that it could be deleted later by Cre recombinase (Cre). The Enam 5Ј-homology arm (5244 bp) was generated by PCR using 129Sv/j genomic DNA as template and ligated into the SalI site of pLOz. The Enam 3Ј homology arm (5180 bp) starting in intron 7 and ending in intron 8 was inserted into the BamHI site. The final targeting construct (Fig. 1A ) was characterized by DNA sequencing and restriction mapping, linearized by digestion with AclI, and transfected into embryonic stem cells by electroporation.
Generation of Knock-in Mice-Successful homologous recombination in the embryonic stem cells that survived G418/ gancyclovier positive-negative selection was screened for by Southern blot hybridization. Three correctly targeted clones were identified and injected into C57BL/6 blastocysts. The resultant female chimeras were mated to C57BL/6 males, and the offspring were analyzed for germ line transmission by Southern blot hybridization (Fig. 1B) using three probes. The 5Ј-probe (546 bp) was generated with primers 5Ј-CTTGCTG-GTGACACTGAAGTTCC-3Ј and 5Ј-ATTGGGGGTATGCT-GTATGCC-3Ј and hybridized against SphI-digested genomic DNA. Both the wild type (18.2 kbp) and the knock-in (11.1 kbp) bands were observed. The 3Ј-probe (564 bp) was generated with primers 5Ј-GGAGGAGCCCAGTGAAATAAGC-3Ј and 5ЈCAGAAAGCAGAATGCCTTGGTG-3Ј and hybridized against BamHI-digested genomic DNA. Both the wild type (28.7 kbp) and the knock-in (7.6 kbp) bands were observed. A knock-in-specific neomycin (Neo) probe (620 bp) was generated with primers 5Ј-GACTGGGCACAACAGACAATC-3Ј and 5Ј-CCAAGCTCTTCAGCAATATCAC-3Ј and hybridized against BamHI-digested genomic DNA to check for randomly integrated targeting vector. Only the band expected for the correctly targeted recombination (21.6 kbp) was observed. Five heterozygous offspring of the germ line chimera were mated with B6 Cre deleter mice to remove the PGK-Neo code. Three female and two male heterozygous mice were generated that survived. The presence or absence of a Neo cassette or Cre deleter sequence was determined by PCR analyses ( Physical Assessment and Blood Chemistry-The three mouse enamelin genotypes (ϩ/ϩ, ϩ/Ϫ, Ϫ/Ϫ) were evaluated from birth for appearance, physical activity, size discrepancy, rate of growth, food intake, and reproductive physiology. Peripheral blood samples (n ϭ 3) were collected from 6-week-old mice for each of the three genotypes, and a comprehensive panel of blood chemistry tests was performed at the Animal Diagnostic Laboratory of the University of Michigan. ␤-Galactosidase (lacZ) Expression Assay-Mouse heads were collected from newborn mice up to 21 days of age, fixed in 4% paraformaldehyde overnight, and processed for ␤-galactosidase staining (44 -46) . The dissected tissues were fixed in 4% paraformaldehyde for 30 to 90 min according to the age of the mice and size of the tissue block, washed with phosphate-buffered saline (PBS) three times for 15 min each, and then decalcified in 10% EDTA for up to 7 days according to the age of the mice (47) . The decalcified tissues were washed three times in PBS (for 15 min) and embedded in Tissue-Tek O.C.T. compound (ProSciTech, Queensland, Australia). Tissue blocks were sectioned at 16-m thickness, post-fixed for 5 min in 4% paraformaldehyde, washed three times in PBS (for min), and incubated at 45°C for 3 h in freshly prepared X-gal staining buffer, pH 8.0, containing 1 mg/ml X-gal, 100 mM Hepes, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 1 mM MgCl 2 , 2% Triton X-100, and 1 mM dithiothreitol (48) . Tissue sections were rinsed and stored in PBS for counterstaining with hematoxylin and then observed under a dissection microscope (Nikon SMZ1000) or a light microscope (Nikon Eclipse E600). All images were captured using a digital camera (Nikon DXM1200) and Act1 imaging software (Mager Scientific, Dexter, MI).
Extraction and Analysis of Tooth Proteins-Day 7 mouse pups were decapitated, and the mandibles were removed and placed on ice in a Petri dish. The incisors and first molars were extracted using fine point tissue forceps under a dissecting microscope, and the soft tissues (pulp and enamel organ) were removed and placed in PBS on ice. Incisors and molars for each enamelin genotype were pooled, weighed, and extracted with 0.8 ml of 0.5 M acetic acid containing 0.5 mM benzamidine and 1,10-phenanthrolin while shaking at 4°C overnight. On days 2 and 3 the teeth were pelleted by centrifugation and again extracted with 0.5 M acetic acid. The supernatants were combined, desalted using a PD-10 column (GE Healthcare), lyophilized, and weighed, and 5 g of protein was dissolved in 15 l of SDS sample buffer. Each sample was separated by SDS-PAGE on three different gels. One gel was stained with Coomassie Brilliant Blue; the others were transblotted to membranes and blocked with milk proteins for Western blot analyses. One membrane was immunostained using polyclonal rabbit antibodies (1:2000) against rM179 amelogenin (49) ; the other membrane was immunostained using affinity-purified rabbit antibodies (1:1000) raised against the enamelin peptide EQDFEKPKEKDPPK and designated Enam221. After washing with PBS, the blots were incubated with anti-rabbit IgG secondary antibody (1:10,000) conjugated to horseradish peroxidase (Bio-Rad). Amelogenin was detected by 3,3Ј-diaminobenzidine tetrahydrochloride staining, and enamelin was detected by enhanced chemiluminescence (ECL; GE Healthcare Biosciences).
Eruption Rate Determination-The eruption rates of mandibular incisors from each of the three genotypes at ages 5-6 weeks were determined (50, 51) . Mice received inhalation anesthesia, isoflurane, at the surgical room at Dental Unit for Laboratory Animal Medicine for the incisor notching procedure. One dose of analgesic, buprenorphine (0.2 mg/25 gm body weight), was given intramuscularly immediately before the procedure for pain control. A dental handpiece with a sterile, round bur size ( 1 ⁄ 4) was used to create a circular lesion 1 mm in diameter in the mandibular buccal plate and penetrate the enamel and dentin of the incisor. Hemostasis was achieved by using a cotton pellet, direct pressure, and buffered aluminum chloride epinephrine-free hemostatic liquid (Hemodent TM , Primer USA). The mice were euthanized after 10 days, and the hemi-mandibles were dissected and radiographed at ϫ5 magnification. The incisors were traced on a view box, and the distance between the notch on the bone and the notch on the incisor was measured with a Vernier Caliper three times per sample. The distance between the stationary mark in the bone and the mark on the erupting incisor was divided by the amount of time that had elapsed since the marks were made, providing the eruption rate. Statistical analysis using one-way analysis of variance was performed.
Radiography-Hemi-mandibles of 2-week-old Enam ϩ/ϩ , Enam ϩ/Ϫ , and Enam ϩ/Ϫ mice were freed from soft tissues and radiographed using a Faxitron TM x-ray cabinet (model MX-20, Faxitron X-ray Corp., Wheeling, IL) operating at 30 kV. Mandibles from three mice from each of the three genotypes were evaluated and compared using digital micrographs obtained under identical Faxitron settings.
Microcomputed Tomography-Microcomputed tomography was performed on hemi-mandibles at the level of the first molar from three samples of each genotype (model 1072; Skyscan, Kontich, Belgium). The x-ray source was operated at maximum power (80 KeV) and at 100 A. Images were captured 3 For detailed information on these analyses, contact the authors. using a 12-bit, cooled, charge-coupled device camera (1024 ϫ 1024 pixels) coupled by a fiber optic taper to the scintillator. Using a rotation step of 0.9°, total scanning time was 35 min for each rotated sample, after which ϳ300 sections (slice-to-slice distance of 16.5 m) were reconstructed using Skyscan tomography software based on triangular surface rendering to give a three-dimensional distribution of the calcified tissue. Appropriate imaging planes selected to show three-dimensionalized longitudinal "sections" (segments) of the first molar and crosssections of the underlying incisor were selected using a limited number of acquired x-ray slices.
Histologic Evaluation of Mandibular First Molars at 7 DaysLight microscopy of undecalcified mandibles at the level of the unerupted first molar was performed on wild type, heterozygous, and enamelin-null mice at 1 week of age. Mandibles were fixed with 4% paraformaldehyde/0.1% glutaraldehyde, dehydrated in ethanol, and embedded in LR White acrylic resin (London Resin Co., Berkshire, UK). Heat-polymerized blocks were sectioned with a diamond knife on an ultramicrotome (model Reichert Ultracut E, Leica, Wetzlar, Germany) to produce 0.5 m-thick sections. Von Kossa staining for mineral was performed by applying 3% silver nitrate to the sections and exposing them to bright light for 30 min. Sections were counterstained for tissue and cell morphology using toluidine blue. Light micrographs were obtained using a Sony DXC-950 3-CCD camera (Sony, Tokyo, Japan) mounted on an optical microscope (model Leitz DMRBE, Leica).
Scanning Electron Microscope (SEM) Evaluation of Mandibular First Molars at 7
Days-Mandibles from 1-week-old mice (n ϭ 3 for each of the three genotypes) were fractured with a razor blade at the level of the first molar, critical-point dried, and mounted with conductive carbon cement onto metallic stubs. Samples were sputter-coated with a 20-nm-thick AuPd film to increase conductivity and imaged with a field-emission gun scanning electron microscope (model S-4700, Hitachi High Technologies America, Pleasanton, CA) operating in the secondary electron detection mode at an accelerating voltage of 3-5 kV.
SEM Evaluation of Molars and Incisors at 7
Weeks-Rehydrated freeze-dried mandibular jaws from 7-week-old wild type, heterozygous, and homozygous knock-in mice were washed briefly in diluted sodium hypochlorite solution, rinsed in deionized water, and examined without coating in backscatter mode using a JEOL-JSM6460LV (JEOL Ltd., Japan) SEM operated at 20 kV. Incisor and molar samples were fractured and mounted and coated with AuPd film and evaluated using a JEOL JSM 6300.
Incremental Mineral Contents of Incisor Enamel at Week 7-Male and female mice at 7 weeks of age were randomly selected and euthanized for tissue collection. Hemi-mandibles and hemi-maxillae were removed, quickly cleaned of adhering soft tissues, and flash-frozen in prechilled containers immersed in dry ice. The tissues were then freeze-dried for 48 h at Ϫ55°C. The bone and enamel organs covering the freeze-dried incisors were removed, and the exposed enamel surfaces were wiped gently with dry Kimwipes (Kimberly-Clark Corp., Roswell GA). The enamel layer on each maxillary and mandibular incisor was transected with a scalpel blade into a series of 1-mm-long strips from the apical toward the incisal ends. Each strip was removed, placed in a separate small aluminum pan, and dried overnight at 45°C. The strips were cooled to room temperature and weighed on a SC2 microbalance (Sartorius AG, Goettingem, Germany) to obtain the "total dry weight" of the enamel strip. Each strip was transferred to a separate crucible and then placed inside an Isotemp muffle furnace (Fisher Scientific) and heated at 575°C for 18 h. The crucibles were cooled, and each enamel strip was reweighed to obtain the "ashed weight" of the strip. This procedure vaporized organic material and any bound water, leaving only mineral contained in each enamel strip (52) . For purposes of this study, the protein content of a ϩ/lacZ mice (from three different founders) were tested (lanes 1-9) alongside wild type (Ϫ) and a positive probe control (ϩ). Left, DNA digested with SphI and probed with the 5Ј-probe shows wild type (18.2 kb) and targeted allele (11.1 kb) bands. Center, DNA digested with BamHI and probed with the 3Ј-probe shows wild type (28.7 kb) and targeted allele (7.6 kb) bands. Right, the BamHI filter rehyribidized with the Neo probe demonstrating that there was no random integration of the targeting construct, as only the 21.6-kb band predicted for the targeted allele was observed. C, reverse transcription-PCR genotyping to detect ␤-globin (␤-glob; 494 bp), lacZ (Z; 610 bp), and enamelin exons 4 and 5 (E4/5; 324 bp).
strip was defined as the difference between starting dry weight minus the final ashed weight. The percent mineral by weight in each strip was calculated by the equation (ashed weight/total dry weight) ϫ 100. Data from strip dissections were collected from a minimum of 12 maxillary and 12 mandibular incisors per genotype (72 or more incisors overall) and analyzed in terms of three primary stages of enamel development (secretory, early maturation, and nearly mature) using version 7 of Statistica for Windows (Statsoft Inc., Tulsa, OK). Preliminary analyses indicated that neither raw weight data nor transformed values followed normal distributions, so statistical tests of mean differences were done by nonparametric methods.
Enamelin and Crystal Growth in Vitro-To test the effect of enamelin on crystal growth habit, hydroxyapatite (HA) crystals were grown in a steady-state agarose gel system (53) in the presence of 0, 10, 25, or 50 g/ml purified porcine 32-kDa enamelin. Crystals were harvested from the gels using 5% sodium hypochlorite and subjected to x-ray diffraction line-broadening analysis with a Rigaku x-ray diffractometer (XRD) using Cu K ␣ radiation and a highly crystalline fluoroapatite standard (54) . 
RESULTS

Generation of the Enam
was deleted, so that the lacZ insert blocked enamelin expression, including the remaining downstream part of Enam (exons 8 through 10). The coding sequences for the selection markers (PGK-Neo) were bracketed with loxP sites and later removed by mating Enam ϩ/lacZ mice with Cre deleter mice. Correct targeting and integration were confirmed by Southern blot analyses (Fig. 1B) and reverse transcription-PCR genotyping using primer pairs specific for ␤-globin, Enam exons 4 and 5, and the lacZ reporter (Fig. 1C) . By replacing the Enam translation initiation site and 5Ј-code with the NLS ␤-gal translation initiation site and code, we simulta- A and B, ␤-galactosidase histostaining of mouse heads sectioned through the dentition show positive signal restricted to the teeth even when overstained. C and D, ␤-gal overstaining signal was observed in ameloblasts of molar (C), whereas the negative control of wild type mouse shows no histostaining (D). E, modestly overstained developing mandibular molars show signal concentrated over the nuclei of ameloblasts. Staining stops at the cemento-enamel junction; no staining was observed along the developing root (arrowheads). F-H, ␤-gal histostaining near the cervical loop of developing mandibular molars shows specific staining localized to the nuclei of ameloblasts. Odontoblasts are negative. Am, ameloblasts; e, enamel; d, dentin; Od, odontoblasts.
Enamelin Knock-out/lacZ Knock-in Mouse neously knocked out Enam expression while knocking in NLS ␤-gal expression in its place. Because the NLS ␤-gal code is positioned in the exact genomic context as wild type Enam, NLS ␤-gal expression provides a sensitive reporter for native Enam expression.
Tissue-specific Expression of NLS ␤-gal-Replacing the Enam 5Ј coding region with the NLS ␤-gal code established it as a specific reporter for enamelin expression. The NLS ␤-gal is readily distinguished from native ␤-gal activity because of its nuclear localization and its high pH optima. Mouse ␤-galactosidase is a lysosomal enzyme that is only marginally active at pH 7.5, whereas bacterial ␤-galactosidase can be strongly detected above pH 8 (55) . X-gal is a substrate analogue that is cleaved by ␤-galactosidase to yield 5-bromo-4-chloro-3-hydroxyindole, an insoluble blue product. The strength of the signal on a section can be controlled by varying the length of the X-gal incubation period. The optimal incubation time for the purpose of demonstrating tissue-specific expression leaves a blue stain restricted to the nucleus. Longer incubation times are useful to demonstrate the absence of marginal reporter activity in tissues separated from the main sites of expression, with the only disadvantage being leakage of the blue signal beyond the nucleus and into immediately adjacent structures. We assayed for the expression of NLS ␤-gal expressed from the enamelin promoter in 2-week-old Enam ϩ/lacZ knock-in mice by histochemistry at pH 8 (Fig. 2) . Extended X-gal staining of mouse sections shows intensive signal over ameloblasts, the enamel-forming cells in developing teeth (Fig. 2, A, C, and E) . No signal was observed in any other tissue in the head (Fig. 2A) or the rest of the body (data not shown). Reducing the X-gal incubation time limited the signal in developing teeth to ameloblasts (Fig. 2, B and F-H) . Odontoblasts were negative. Extended incubation in wild type teeth showed no signal (Fig. 1D) . These results correlate well with previous studies of enamelin expression by in situ hybridization (9, 56) . The only difference is that maturation stage ameloblasts are positive for X-gal staining but negative for in situ hybridization. This difference is the likely result of the NLS ␤-gal protein being more stable than Enam mRNA, allowing it to persist in the nucleus (and generate positive X-gal staining) after expression of the protein has terminated. Enam expression was detected only by ameloblasts, and by no other cell types, using the highly sensitive ␤-gal reporter. The close correlation between the lacZ staining in the Enam ϩ/lacZ mice and normal ameloblast-specific expression enamelin mRNA as determined by in situ hybridization (56) provides additional confirmation that the knock-in construct was targeted correctly.
Western Blot Analyses-Additional evidence supporting the conclusion that Enam was successfully disrupted by homologous recombination with the targeting construct is provided by the results of Western blot analyses. Enamel proteins were extracted from day 7 incisors (Fig. 3A) and first molars (Fig. 3B) (Fig. 3) . Even when the proteins from the Enam Ϫ/Ϫ were loaded in five times the amount that could be detected in Enam ϩ/Ϫ mice, no enamelin protein could be detected (Fig. 3B) .
Gross Tooth Morphology and Appearance-Photographic evaluation of the mouse dentition at 7-weeks documents changes in tooth shape and color between the wild type and Enam mice (Fig. 4) . All teeth in the Enam Ϫ/Ϫ mice lack enamel (Fig. 4, C, F, I , and L), whereas the Enam ϩ/Ϫ mice exhibit defects that are obvious without magnification. The mandibular incisors of the Enam ϩ/Ϫ mice are consistently chalky white in the erupted portion (Fig. 4, B and H) , whereas the maxillary incisors are more variable, ranging from near normal (Fig. 4B ) to chalky white (Fig. 4E) . The mandibular incisor enamel near the functional part of the incisal edge is always missing, apparently being rapidly abraded during function, leaving a prominent wear facet on the labial surface. Enamel abrasion is also evident on the molar cusps of the Enam ϩ/Ϫ mice (Fig. 4K) . The degree of occlusal wear is most pronounced on the Enam Ϫ/Ϫ molars (Fig. 4L) , which are flattened and rounded at the cusp tips. 
The maxillary incisors of Enam
ϩ/Ϫ mice often appeared normal although some teeth seemed to have less yellow-brown pigment in the enamel compared with others, and the wear patterns on the incisal tips of some teeth were not always uniform or as deeply grooved lingually as seen on the maxillary incisors of wild type animals. The mandibular incisors of Enam ϩ/Ϫ mice, in contrast, appeared dramatically different, with loss of translucency and pigmentation and the presence of chalky white enamel covering along the labial sides of the incisors. Occlusal wear patterns on these teeth were also altered, with severely abraded enamel and exposed dentin evident along the central labial side in addition to the usual lingual side on erupted portions of the teeth. This resulted in incisal tips that had a blunted chisel shape rather than the evenly pointed shovel shape typical of wild type incisors.
Abnormalities of enamel were evident on both the maxillary and the mandibular incisors of Enam Ϫ/Ϫ mice. These teeth had a white opaque appearance and showed severe dentin abrasion along the labial and lingual sides of the teeth. The erupted portions of the incisors were coated with a thin layer of calcified material that felt gritty and sandpaper-like in consistency. The crowns of the molars were coated with a thin layer of similar calcified material and showed overt occlusal wear. Large nodules of calcified material were also seen in clusters along the palatal and lingual sides of some molar crowns. Some animals showed severe periodontal problems around the mandibular molars, with obvious bone loss, widened interdental spaces, and bifurcation openings in relation to the roots of the first and sometime second molars. There seemed to be abundant connective tissue infiltration within in the lamina propria under the gingival epithelium. There was also evidence for connective tissue infiltration in relation to the embedded portions of the incisors. Abundant pigment was seen in the enamel organ cells all across the maturation stage, but none was present in the calcified material covering these teeth. Underneath the cells the enamel surfaces were lumpy, often more so laterally than mesially. This calcified material was frail and easily dislodged from the tooth. Large nodular ridges and valleys of calcified material were seen in repeating waves across the maturation stage area, mostly at the central and mesial sides along the labial surface. There was a small apical area on the incisors where the cells looked normal.
Physical and Chemistry Assessments-The Enam
ϩ/Ϫ and Enam Ϫ/Ϫ mice could not be distinguished from their wild type littermates in terms of their physical appearance, level of activity, rate of growth, and overall body size. All animals were maintained on soft chow, and the heterozygous and homozygous Enam-deficient mice did not display any delay in growth or development when compared with their wild type littermates. There was no statistically significant difference among mice of the three genotypes in a panel of blood chemistry tests, including the serum levels of calcium, phosphate, alkaline phosphatase, and glucose, factors known to be involved in critical mineralization and physical activities ( Table 2 ). The conclusion that the targeting construct had knocked out Enam while knocking in lacZ was supported by Southern blot analyses, PCR genotyping, histochemistry, and the dental phenotype in the Enam ϩ/Ϫ and Enam Ϫ/Ϫ mice. The blood chemistry results suggest that there was no systemic disturbance in calcium and phosphate homeostasis, whereas the ␤-gal histochemistry emphasized the specific expression of Enam by ameloblasts. Given the strong evidence that the targeting construct had specifically ablated Enam, we carried out a more rigorous characterization of the dental phenotype.
Incisor Eruption Rates-Rodent incisors continuously erupt as they form, and increasing the eruption rate leaves less time for the enamel layer to mature (harden) (57) . Removing an inci- sor from occlusion with the opposing tooth (unimpeded growth) can double its rate of eruption (58) . Although enamelin is not believed to play a role in tooth eruption, an increased eruption rate might result from faster occlusal wear or a failure of opposing teeth to contact in occlusion. As changes in eruption rate can affect the degree of mineralization, mandibular incisor eruption rates were measured in 5-6-week-old mice (Fig. 5) . Typically, eruption rate studies notch the enamel and adjacent bone and measure the distance between the two notches after a week of eruption; however, it was not possible to notch the enamel in this study because of the fragility of the enamel layer in the Enam mice, so a circularly bored hole was made laterally through the bone and incisor, and the subjects were subsequently maintained on analgesics to minimize potential pain during mastication. Only minor differences in eruptions rates between the wild type and enamelin mice were observed. The average eruption rate for mandibular incisors of wild type mice was 82 m/day. The rate for the Enam-null mice was 71 m/day. The eruption rate for the heterozygous (Enam ϩ/Ϫ ) mice was somewhat higher (110 m/day). All three rates were lower than those measured previously for mouse mandibular incisors (160 m/day) (50), perhaps because of the use of soft diets and analgesics.
The somewhat accelerated mandibular incisor eruption rate determined for the Enam ϩ/Ϫ mice may relate to differences in the way the maxillary and mandibular incisors are affected. Most maxillary incisors of Enam ϩ/Ϫ mice appear normal (Fig. 4B) . The lower incisors of Enam ϩ/Ϫ mice, in contrast, consistently display a loss of translucency and pigmentation, with severely abraded enamel and exposed dentin at the contact point (Fig. 4H) . Perhaps the weaker mandibular incisors of the Enam ϩ/Ϫ mice functioning against harder maxillary incisors increases the wear rate of the mandibular incisors and this attrition allows for their faster eruption. The modest differences in eruption rates among the Enam ϩ/ϩ , Enam ϩ/Ϫ , and Enam Ϫ/Ϫ mice are not likely to cause significant differences in the degree of mineralization of the various experimental mice under investigation.
Radiography-Dental radiographs demonstrated that the radio-opacity of the mouse mandibular dental crowns at 2 weeks decreases progressively from the wild type (Fig. 6A) to the Enam ϩ/Ϫ (Fig. 6D) to the Enam Ϫ/Ϫ mice (Fig. 6G) , with the reduction in tooth mineralization being most obvious in the molars. The mineralized crowns of the Enam Ϫ/Ϫ mice were demonstrably thinner and less dense than in the wild type, suggesting that the Enam-null mice might lack enamel altogether. Microcomputed tomography scans (Fig. 6, B, E, and H) at the level of the first mandibular molar and in the diastema region (between the molars and incisors) show that the mineralized enamel layer in the Enam Ϫ/Ϫ mice is either too thin to be detected or absent (Fig. 6H) , whereas enamel is clearly present in the Enam ϩ/ϩ (Fig. 6B) and Enam ϩ/Ϫ (Fig. 6E) mice. Microcomputed tomography (CT) analyses of mandibular frontal FIGURE 5. Eruption rate determination. The eruption rates for the mandibular incisors from wild type (n ϭ 17), heterozygous (n ϭ 42), and homozygous (n ϭ 31) mice at age 5-6 weeks were determined. The eruption rate of individual incisors from the heterozygous and the homozygous knock-in mice were normalized against the mean eruption rate of the wild type incisors. On average, the heterozygous incisors erupt at a rate of 134% of the wild type incisors, whereas the homozygous knock-in incisors erupt at an average of 87% of the wild type rate. Enamelin Knock-out/lacZ Knock-in Mouse APRIL 18, 2008 • VOLUME 283 • NUMBER 16
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sections through the mesial and buccal cusps of M1 followed by three-dimensionalized reconstructions (Fig. 6C, F, and I) provided images that could be used to assess the mineralized tissue volume and macroscopic tooth morphology of the Enam mice. The CT reconstructions revealed a thinning of the mineralized tissue (from a lack of mineralized enamel) in the molar crown and incisor crown from Enam Ϫ/Ϫ mice (Fig. 6I ) relative to the wild type (Fig. 6C) and Enam ϩ/Ϫ (Fig. 6F) mice, whereas no differences were observed in bone and dentin. The radiography and CT analyses suggest a total or near total lack of dental enamel in the Enam Ϫ/Ϫ mice. No differences in volume or tooth morphology could be discerned between the wild type and Enam ϩ/Ϫ mice.
Microscopic Analyses-Developing mandibular molars of the 1-week-old mice were examined histologically after von Kossa staining (Fig. 7, A, E, and I) , which stains mineralized tissues brown to black but does not stain osteoid or predentin. A dramatic finding was that the secretory stage enamel layer of the Enam Ϫ/Ϫ mice was von Kossanegative, except for small nodules (mineralization foci) that increased in number near the dentino-enamel junction (DEJ) (Fig. 7I) . No von Kossa staining was observed at the mineralization front, which is along the secretory aspect of the distal membrane of the ameloblasts (at the surface of the enamel layer). The secretory stage enamel of the Enam ϩ/ϩ and Enam ϩ/Ϫ mice stained throughout, although the enamel of the heterozygous mice did not stain as deeply as that of the wild type mice. This finding strongly suggests that without enamelin, enamel proteins accumulate in the enamel space but cannot catalyze the extension of enamel crystals. Therefore, none of the mineral covering dentin in the Enam Ϫ/Ϫ mice is true enamel, which normally forms by the elongation of thin crystal ribbons (about 10,000 beneath each cell) at the mineralization front that subsequently grow in width and thickness to harden the enamel (1) .
Scanning electron micrographs of 1-week mouse molars and incisors revealed an early enamel layer with the distinctive pattern of inner and outer enamel (59) . Unexpectedly, the minimally calcified accumulated enamel matrix of the Enam-null mice also showed patterns suggestive of enamel rods that even changed patterns between the inner and outer enamel (Fig. 7, J-L ). An SEM of teeth at 7 weeks (Fig. 8) showed enamel in the maturation stage of development. Organized enamel rods were clearly evident in the Enam ϩ/ϩ and Enam ϩ/Ϫ mice (Fig. 8, A and B ), but were completely absent from the Enam-null mice. In the Enam Ϫ/Ϫ mice the accumulated enamel proteins were absent, and only a very thin (0 -20 m) layer of mineral capped the dentin. The surface of the crown was very rough and looked to comprise isolated or fused calcospherites (Fig. 8G) . The molars in Enam ϩ/Ϫ mice grossly appeared normal, but SEM imaging indicated that the enamel on some teeth appeared thinner than normal, and there were focal areas of roughening and pitting of the enamel surface that were most often noticeable along the distal lingual side of the second molar and mesial lingual side of the third molar.
Mineral and Organic Content of Incisor Enamel-Whole pieces of developing enamel of equally sized length were removed sequentially from the apical (early) to the incisal (late) ends of mouse incisors. Each strip was dried and weighed giving its total dry weight (mineral plus protein). Each increment was ashed, which vaporized the organic material, and reweighed, giving the ashed weight (mineral only) of the strip. The protein content is the total dry weight minus the ashed weight. The percent mineral equals the (ashed weight/total dry weight) ϫ 100. The data were averaged by major developmental stages (see supplemental table) and plotted for the Enam ϩ/ϩ , Enam ϩ/Ϫ , and Enam Ϫ/Ϫ mice (Fig. 9) . The total dry weights and mineral weights of enamel strips on maxillary incisors from the Enam ϩ/ϩ and Enam ϩ/Ϫ mice were indistinguishable. In contrast, the mandibular incisors of Enam ϩ/Ϫ mice had total dry weights (mineral plus protein) and mineral weights that were almost exactly half of those measured for enamel strips at equivalent developmental stages in wild type mice (Fig. 9, A and B) . The mineral to protein ratio in enamel on mandibular incisors of the Enam ϩ/Ϫ mice ( Fig. 9C) was normal during the secretory stage, markedly below normal during early maturation when enamel crystals start growing in volume, and still 50% below normal at a time when the enamel in wild type mice was almost too hard to cut with a scalpel blade (nearly mature). Similar trends were noted for the percent mineral by weight (Fig. 9D) . It was possible to remove enamel strips from the erupted portions of these teeth, indicative of continued below normal hardness compared with enamel on mandibular incisors of wild type mice (data not shown).
We were able to remove strips of calcified material along the entire length of the maxillary and mandibular incisors in Enam-null mice. The maxillary and mandibular incisors both showed dramatically lower values for total dry weight and mineral weight across the lengths of the incisors (Fig. 9, A and B) , measuring only about 15% of the values determined for wild type mice. The mineral to protein ratios were only 25% of normal (Fig. 9C) , and the percent mineral by weight at an advanced stage of development was 66%. In contrast, the nearly mature enamel in wild type mice was 85-90% mineral by weight (Fig.  9D) . The mineral to protein ratio and percent mineral by weight for the Enam-null mice were almost identical to values measured independently for normal compact bone (data not shown).
Enamelin and Crystal Growth-Most of the 186-kDa porcine enamelin protein is degraded and reabsorbed from the enamel matrix, with the exception of a 32-kDa cleavage product that accumulates to about 1% of total enamel protein (60) . HA crystals were grown in agarose gels in the presence of 0 -50 g/ml porcine 32-kDa enamelin. X-ray diffraction line-broadening analysis showed that crystal length (d 002 ) was 537 Ϯ 22.2 nm in the absence of 32-kDa enamelin and increased with protein concentration to 668 Ϯ 23.0 nm at 50 g/ml. HA crystal crosssection (d 310 ) did not change with enamelin concentration (265 Ϯ 8.20 nm and 262 Ϯ 5.19 nm at 0 and 50 g/ml, respectively). Therefore, 32-kDa enamelin significantly increased the length of crystals grown in agarose gels, whereas not affecting A, E, and I, histology sections of unerupted, undecalcified molars after von Kossa staining to show mineralization of alveolar bone, dentin, and enamel in the various genotypes, as indicated. Whereas well developed and mineralized enamel (e) and dentin (d) were present in both wild type (A) and heterozygous (E) mice, only small, punctate foci of mineralization were detected within the enamel layer near the dentino-enamel junction, despite there being a thick accumulation of organic material in the enamel layer, presumably amelogenin and other enamel matrix constituents (I). SEM images of similar regions in each of the genotypes are shown at successively increasing magnification in each column. The forming enamel in the heterozygous mice (F-H) appears generally similar to that in wild type (B-D) mice. The forming enamel in the Enam Ϫ/Ϫ mouse (J-L), despite being unmineralized, shows remarkable similarity to normal enamel matrix structure. Am, ameloblasts; Od, odontoblasts; arrowheads indicate the dentinoenamel junction.
the crystal cross-section. This suggests that enamelin is promoting HA growth along the crystallographic c-axis.
DISCUSSION
Amelogenin protein dominates the enamel matrix of developing teeth. The non-amelogenin proteins (ameloblastin and enamelin) are in low abundance and are much more difficult to isolate and characterize. Because of its large teeth and availability from the food industry, the pig is the main animal model used for studying enamel proteins (61) . Pig enamelin is secreted as a 186-kDa (1104 amino acids) glycoprotein that is rapidly processed, probably by MMP-20, in the extracellular space (21) . The secreted protein is processed from its C terminus to generate 155-, 145-, and 89-kDa (Met 1 -Trp 627 ) N-terminal cleavage products, but these cleavage products do not last long and are found only near the enamel surface (41, 62) . Secretion, proteolytic processing, and reabsorption of selected cleavage products back into ameloblasts determine the makeup of the organic matrix that controls mineralization. The C-terminal portion of enamelin is particularly short-lived, so that anti-peptide antibodies specific for the enamelin C-terminal region show intense immunostaining only at the mineralization front where they are secreted, and no signal is observed deeper in the enamel (8) . In contrast, antibodies raised to other regions of the enamelin protein stain the entire thickness of enamel (60, 64, 65) . The specific localization of the intact enamelin protein (by the C-terminal antibody) at the mineralization front has long suggested that enamelin is critical for enamel crystal elongation. Despite the accumulation of a thick layer of enamel proteins (presumably mostly amelogenin) in the extracellular space beneath secretory ameloblasts in the Enam Ϫ/Ϫ mice, no mineralization occurs at the mineralization front. This strongly suggests that enamelin is a critical component of the mineralization front that promotes or catalyzes the extension of enamel crystals along their c-axes (66) . Furthermore, because the initial enamel crystals that appear suddenly at the DEJ are virtually identical to those extending at the mineralization front (4, 67) and because the rapid onset of enamel crystal formation appears to be absent in the Enam Ϫ/Ϫ mice, it may be that the initiation and elongation of enamel crystallites occurs by the same or a related enamelin-dependent mechanism. Ultrastructural analyses of the DEJ and mineralization fronts of un-demineralized sections of developing teeth would help clarify the validity of these conclusions, a work that is in progress.
The small amount of calcified material that covers dentin in the Enam Ϫ/Ϫ mice seems to be more bone-like than true enamel, although it is of course not bone and is the product of ameloblasts (not osteoblasts). Both the mineral to protein ratio and percent mineral by weight are identical to values calculated for compact bone. We concluded that there is no true enamel covering the dentin in the Enam Ϫ/Ϫ mice. The mineral that forms does so by a completely different mechanism than for true enamel. It appears to precipitate deep within the unmineralized enamel protein layer as sporadic calcospherites that expand and eventually fuse, forming a weak crust covering the dentin that easily crumbles during function. These findings emphasize the importance of the mineralization front located at the secretory surface of the ameloblast distal membrane as being central to the forma-FIGURE 8. SEM analysis of erupted mouse incisors and molars at 7 weeks. SEM was used to examine fractured sections of mouse incisors (A-D) and molars (E-H). The enamel of wild type (A and E) and heterozygous (B and F) both showed a thick enamel layer with well defined rod (prism) structures. In contrast, the enamel of Enam-null mice (C, D, G, and H) was extremely thin and irregular, with a rough surface. In some places (G), the enamel did not even form sufficiently to complete the DEJ. Arrowheads delineate the DEJ.
tion of true enamel. The ribbon-like shape of the enamel crystals and their organization into rods is established at the mineralization front and is enamelin-dependent.
Besides the secreted, intact glycoprotein, enamelin cleavage products accumulate as the enamel layer expands and may also play important roles in amelogenesis. Most of the diverse, poorly characterized enamelin cleavage products have little affinity for enamel crystals and accumulate in the sheath space between the enamel rods, along with the N-terminal fragments of ameloblastin (62) . The most abundant enamelin cleavage product is the 32-kDa enamelin glycoprotein (Leu 136 -Arg 241 ) that accumulates among the crystallites (in enamel rods) throughout the entire thickness of secretory stage enamel (60, 64) . This 106-amino acid domain contains two phosphoserines and three N-linked glycosylations (68, 69) . The 32-kDa enamelin does not engage in protein-protein interactions with amelogenin (70) but shows relatively strong affinity for binding to hydroxyapatite (71) . This part of enamelin accumulates to relatively high levels because its extensive post-translational modifications make it resistant to further degradation by MMP-20 (72) , which is the predominant proteolytic activity in secretory stage enamel (73) . In vitro the 32-kDa enamelin increases the length but not the cross-section of HA crystals grown in agarose gels. These results suggest that the 32-kDa enamelin might play a role in shaping enamel crystallites in vivo.
The NLS ␤-gal reporter expressed in place of enamelin vividly demonstrates the highly restricted pattern of Enam expression. If enamelin is expressed by any cell other than ameloblasts, it must indeed be at very low levels relative to secretory ameloblasts. This highly restricted pattern of expression contrasts with amelogenin, which is strongly expressed by ameloblasts but can be detected in many other tissues. This seems to suggest that marginal enamelin expression in other tissues might be deleterious and selected against, whereas marginal amelogenin expression may be more readily tolerated. Using transgenic mouse models, it was determined that a 4.5-kb Enam promoter segment upstream of the translation initiation site can drive tissue-specific expression of the mouse enamelin gene (although at lower than normal levels); however, a 3.2-kb Enam promoter construct was expressed predominantly by osteoblasts in the periosteum and not by ameloblasts. The promoter sequence between 3.2-and 4.5-kb region might contain DNA sequence motifs for transcription factor binding that direct the tooth-specific gene expression of enamelin (63) .
In summary, we have generated and characterized an Enam knock-out/NLS ␤-gal knock-in mouse. The results show that enamelin is specifically expressed by ameloblasts and that enamelin expression is necessary for proper functioning of the mineralization front associated with the ameloblast secretory surface; without enamelin there is no true enamel. Enamelin defects are dose-dependent in mice, as shown previously for humans. Understanding enamelin function is central to understanding the molecular mechanisms regulating enamel formation during tooth development.
